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SUMMARY A

A computer modeling study of pulsed ﬁ;+FZ and 6;+F?
chemical lasers has been conducted. This work was directed
toward understanding the role of kinetic rotational relaxa-
tion and vibrational-rotational relaxation mechanisms in HF
and DF lasers. This study resulted in very comprehensive
computer models that could predict spectral characteristics
of pulsed laser performance using kinetic rate equation data
and experimental conditioms. )

- In addition, experiments were conductedq on a flash
initiated pulsed H3+F£’1aser facility to generate data
to compare with the models developed in this study. Models
were also developed that demonstrated the performance of
pulsed laser dAriven amplifiers and optical resonance
transfer lasers. Finally, simple models were constructed
that permit efficient prediction of pulse energy and pulse
power, S —e

Results of these studies are contained in the technical
publications, technical reports and theses listed in
Tables 1, 2, and 3, respectively.

The remainder of this report 1s the Ph.D. thesis of
Paul E. Sojka. This study represents the capstone of the
present work which ties the modeling to experimental
results.

Model predictions continue to improve as our
understanding of the kinetic mechanisms improves. It is
felt that these models are sufficiently comprehensive in
kinetic mechanisms that no future model development is
required. However, this study has pointed out a need for

two follow-on efforts.
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' (1) The models should be expanded to include kinetics

§ associated with H3/02/F3 mixtures since many

' systems use Oy as a prereaction inhibitor.

(2) More work is required to improve the comparison of
the comprehensive model predictions with
experiment.
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ABSTRACT

TIME RESOLVED SPECTROSCOPY AND SMALL SIGNAL GAIN IN A
FLASH INITIATED, PULSED HF LASER

By
Paul E. Sojka

An experimental and computer modeling investigation of a pulsed,
flash photolysis initiated, H2 + F2 chemical laser was undertaken.
Time resolved spectral (TRS) output, time history of small signal
gain (SSG) and total pulse energy (TPE) were measured. Several
experimental trends were noted.

For the TRS results, regular shifts of individual transition

initiation, termination and peak intensity times with increasing

rotational level are observed. Transition pulse duration increaced

with rotational level.

For the SSG results, regular shifts of positive gain initiation,
termination and peak gain times with increasing rotational level were
observed. Positive gain duration increased with rotational level.

The experimental TRS results were compared with those of other
researchers and then with the results of computer simulations. Pulse

i duration in this work was longer than that reported elsewhere. This

was most likely due to weak initiation of the H2 + F2 chain. No
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reportable rotational lasing was observed. This is in contrast to
other work but in agreement with model calculations,

In addition to the experimental study, an existing computer model
was modified by the substitution of a wavelength dependent threshold
gain in place of the previous wavelength independent threshold gain
and by the addition of a flash photolysis initiation option. The
modified model and a second, simplified, model were used to simulate
the TRS and SSG experiments. Two model rate coefficients were varied
to investigate the effects of the hot reaction vibrational pumping
distribution and of the vibrational deactivation mechanism rate co-
efficients on the simplified model TRS and SSF results.

The experimental TRS and SSG results were compared to the calcu-
lations resulting from the two models,

The results of the simplified model, assuming Vibrational-Transla-
tional energy transfer, more closely duplicated experiment than did the
results of the modified model (assuming Vibrational-Rotational energy
transfer). This is in contrast to the currently accepted under-
standing of kinetic mechanisms.

Conclusions reached in this study were: (1) The time scales of
SSG and TRS are not the same, SSG having much longer durations. (2)
The trends of initiation, termination and peak gain or intensity times
are similar for SSG and TRS. (3) Computer models are capable of
accurately predicting the time resolved characteristics of gain and
emissfon. (4) Further work is necessary to determine the form of V-R,T

energy transfer,
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CHAPTER 1

INTRODUCTION

1.1 Background

A chemical laser is defined as a laser whose population inversion
is produced by energy liberated during a chemical reaction [1]. The
first chemical laser emission was observed by Kasper and Pimentel [2]
in 1965 in an exploding mixture of hydrogen and chliorine. The first
hydrogen-fluoride (HF) chemical laser emission was observed by Kompa
and Pimentel [3] in 1967. Both lasers were initiated by flash photo-
lysis of molecular fluorine.

The chemical lasers of most interest are those ooerating on

diatom-radical exchange reactions of the form:
A+BC=RB +C 8H<0 (1.1)

where gH is the reaction enthalpy released in chemical bond rearrange-
ment., Reactions of this type have several advantages for chemical
lasers. First, they tend to be highly exothermic making large amounts
of chemical energy availablg for oroducing population inversions.
Second, the activation energy is often only a few multiples of ka (kb
is Boltzmann's constant). This allows easy initiation and provides a
very fast rate of reaction. These very fast reaction rates are neces-
sary to overcome processes deactivating the excited product species
AB'. Third, in diatom-radical exchange reactions, a large fraction of

1




the reaction enthalpy is channeled into vibrational excitation of the
product AB* [4]. Moreover, this type of reaction tends to selectively
channel that enthalpy into higher excited vibrational states in a
non-Boltzmann distribution creating the population inversions neces-
sary for lasing. In some cases, population is deposited in the highest
vibrational level thermodynamically allowed [1, 5, 6]. Fourth, a
wealth of initiation schemes (to produce initial concentrations of
radical A) are available. To date, reactions that yield lasing have
been initiated by flash photolysis, pulsed electric discharge, electron
beam impact and laser photolysis [1].

The external initiation provided by flash photolysis, electric
discharge or electron beam impact is not strictly necessary in a chemi-
cal laser. A prime examnle of a chemical laser which does not utilize

an external initiation source is the CW (Continuous Wave) HF laser,

External initiation is desirable though, as it provides a precise means
of controlling laser turn on time for pulsed devices. External initia-
tion has the additional advantage of assisting in the avoidance of
prereaction. Prereaction is the uncontrolled formation of HF prior to
the mixture entering the laser cavity. Control of prereaction is accom-
plished by forcing the pulse to begin before the effects of prereaction

can become important.

HF lasers, the subject of this study, are of the diatom-radical

type. The enthalpy liberated for both system reactions is very high:

F o+ Hy = HF(v¢3) + H aH = -31.7 kcal/mole (1.2)

H+F

2 " HF(v¢8) + F a4 = -97.7 kcal/mole (1.3)




t is customary to denote Equation (1.2) as the “cold“ reaction
and Equation (1.3) as the “hot" reaction in view of their relative
exothermicities. The activation energies for the two reactions are
low. For the hot reaction, Ea = 2.4 kcal/mole and for the cold reac-
tion, Ea = 1,7 kcal/mole. This is four times ka, or less, at room
temperature. Finally, the fraction of reaction enthalpy channeled into
vibration is particularly large: 66% for the cold reaction [7] and 53%
for the hot reaction [8].

The HF laser has further advantages, the foremost being production
of excited HF by a chain reaction. Laser emission from the first chain
reaction lasers was observed by Batovskii, et al [9] and Basov, et al
(10] in 1969,

Two benefits of the chain reaction mechanism can be seen by in-
specting Equations (1.2) and (1.3). If a small amount of atomic
fluorine (or atomic hydrogen) is formed, the two reactions cycle, the

product radical H of Equation (1.2) initiating Equation (1.3) and the

resulting product radical F of Equation (1.3) reinitiating Equation
(1.2). In principle, the reactions will cycle until all reactants are
depleted. The initiation energy is low for chain reactions as the
energy required per reaction step is inversely proportional to the

chain length [11]. Initial F atoms generated are used several times in
a chain reaction implying that a small initiation energy will generate
a large laser output energy, yielding very high efficiencies [12, 13,
14]. In addition, in the H2 + F2 laser, energy is liberated by the
chain reaction through Equation (1.3) as well as through Equation (1.2).

Operation on a chain reaction mechanism has the additional advan-

tage of the reaction continuing after initiation has ceased. Thus, it




1s unnecessary to exactly uniformly initiate the entire Tasing volume:
[f the medium is initiated in a small portion of its volume the
reaction will nropagate throughout the whole medium volume due to
collisions and diffusion and due to thermal effects [15]. Two disad-
vantages of non-uniform initiation are poor beam quality due to index
of refraction gradients within the mixture and a lack of repeatability
in the laser output. A lesser advantage of the HF system is the large
stimulated emission cross section.

Research on HF chemical lasers also contributes to the understand-
ing of two other chemical laser systems of interest: DF and DF/COZ.
The DF laser emits in an atmospheric transmission window providing good
beam propagation at lower altitudes and has slower rates of deactivation
than HF.

The chemical kinetics of the DF molecule are greatly complicated
by its high density of states. This high density of states increases
the number of relevant reaction pathways and makes it very difficult to
measure the relevant reaction rates. However, one can apply results
gained from studying HF lasers to the OF and DF/CO2 laser systems by
making use of the isotope effect between HF and DF and by making use of
surprisal analysis techniques for analagous reactions in the HF and DF
systems [16].

In this work, initiation of the HF laser pulse was by photolysis
of molecular fluorine using flashlamps. The initiation reaction pro-

ceeded as: )

Fp * hup = 2F (1.4)

with vp being an ultraviolet photodissociating photon of frequency Vp.
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After generating an initial fluorine atom concentration, the chain re-
action proceeds as stated above.

[t is known that highly diluted H2 + F2 systems initiated flash
photolytically permit detailed analyses of the kinetic mechanisms [17].
Electric discharge initiation, on the other hand, produces unwanted
charged species, complicating the chemistry (4, 13].

For the conditions of this study, the medium absorbing the ultra-
violet flash photolysis photons can be characterized as optically thin,

This is equivalent to stating that the photolysis signal passes through

the medium with its intensity nearly constant: absorption by F2 is
minimal. In that case, flash photolysis has the advantage of genera-
ting a homogeneous fluorine atom concentration as a function of time
over a wide range of fluorine partial pressures and mixture total pres-
sures, even when mixed with non-absorbing gases [19]. There are no
charged species involved, Consequently, lasers initiated by flash
photolysis are easier to model numerically than those using another
form of initiation and are thus well suited to studies gaining insight
into competing kinetic mechanisms. Ore potential complication is the
possibility of "hot" F atom formation during the photolysis process.
“"Hot" atoms are those with a thermal energy significantly greater than
3/2 ka. [f such atoms are formed, it is felt they could significantly
alter the vibrational state.product distribution of Equations (1.2) and
(1.3)(20]. Furthermore, since the ultraviolet light required for ini-

tiation is difficult to produce, and since it is difficult to couple

more than a small fraction of the ultraviolet 1ight produced by the 1

flashlamps into the medfum, the initfation efficiency is poor and the
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rate of fluorine atom production 1s lens tnan trat of other initiation
schemes,

A further di:zadvantage of photolytic initiation arises if the
medium is not optically thin, This occurs if significant absorption of
the photolysis signal cccurs as it traverses the medium. This would be
caused by an overlarge absorption path length or an increase in the
pressure of the absorbing species (Fz). Either of these would lead to
inhomogeneous absorption and initiation of the medium, and hence, poor
beam quality and lack of repeatability.

Additional disadvantages of HF lasers are the very efficient de-
activation processes of HF itself and other collision partners (21] and
the poor beam transmission through the atmosphere [22]. In addition,
there are very strong analogies between the mechanisms in HF and DF
lasers. Since lasing on DF occurs in an atmospheric transmission

window and is of great interest, research on HF lasers continues.

1.2 Present Work

Evaluation of the performance of chemical lasers requires an
understanding of the chemical, radiative and relaxation kinetic mechan-
isms that pump and deactivate the energy levels associated with lasing.
The detailed representatioﬂ of the mechanisms necessary for accurate
prediction of laser performance requires a mix of experimental and
computer modeling investigations.

The main limitation in the comparison of computer models with ex-

periment is the lack of a well defined and characterized experiment,
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Such an experiment should have sufficient diagnostics to monitor
as many time histories of HF(v,J) populations as is feasible. Previous

experimental endeavors consist of time resolved spectra recorded at only

.-

one pressure, using one mixture composition and employing only one value
of outcoupling. This is insufficient. A more comprehensive study is
necessary.

This work presents the results of a comparison of such a set of
detailed experimental observations with computer simulations to facil-

itate the understanding of the kinetic mech- sms involved in the H2 +

F2 laser. To that end, experiments have been performed to fully

characterize a pulsed H2 + F2 flash photolysis laser at selected, well

controlled operating conditions. A systematic experimental study was 3
conducted where: (1) the time-resolved small signal ggin on eleven

lines, (2) the total P-branch laser emission, and (3) the total pulse

+ F, laser.

2 2
Specific objectives of this study were:

energy were measured for an H

(1) To measure small signal gain and time resolved
spectra at three cavity pressures (36, 102, and

) 331 torr).
(2) To measure small signal gain and time resolved

spectra for two mixture compositions (He:02:F2:H2 =

20.8:1.0:4.6:1.2 and 22.0:1,0:2.7:1.0).
{ (3) To measure time resolved spectra using two different
output couplers (nominal 81% and 97% reflectivity).

A minimum of three detailed data sets were to be developed from

the results of objectives 1-3.
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Finally, all experimental results were to be compared with the re- i
sults of a computer modeling study. This very comprehensive computer
model includes V-V, V-R,T and R-R,T relaxation channels, and P-branch
and pure rotational lasing [23]. The model was modified by inserting
the latest available rate data [24-27], and adding a wavelength depen-
dent threshold gain.

Many investigators have already completed studies of P-branch time
resolved spectra. Several initiation schemes have been used including
laser photolysis [28, 29] ultraviolet spark photolysis [30], electron
beams [12], electric discharge and flash photolysis. A multitude of
reacting species have been used. In the case of flash photolysis
initiation this included:

F,0 + Hy (31, UFg + Hy (18, 321, XeF,/SbFg + Hy/CH, (33],

MoF + H, (18, 34, 35], NFG + H, [36], and Fy + Hy (1, 17-19,

6
35, 37-43].

Individual transition intensity traces are shown in several of

e —— i

these studies: References 18, 31, 33 and 41 show "cold band" lasing
while References 14, 17, 42 and 43 show both "hot band" and "cold
band” Tasing.

In the case of electric discharge initiation, reacting species
used included:

H, + SF6 (44, 45], CH4.+ SFe (44, 46], C3H8 + SF6 (47-49],

HI + SF. [50], H, + freons [S1] and H, + F, [14, 51-54].
6 2 2 2

Several studies utilizing electric discharge fnitiation show

fndividual intensity traces for cold band 1asing [44-46, 50, 51, 55,

56] while two show individual intensity traces for hot band and cold




band lasing [17, 52].

The literature available on oure rotational time resolved spectra
is not as extensive as that on P-branch time resolved spectra.

Nonetheless, several studies have been completed., Pure rotational
lasing has been observed in mixtures of H, + CFy [57], H, + BF, [58],
CH4 + SF6 [46] and H2 + SF6 [49, 59, 60] initiated by electric dis-
charge. Pure rotational lasing has also been observed in flash photo-
lytically initiated mixtures of CF3I/CF4Br with CZHZ/CH3C2H {61] and in
flash photoelimination of hydrocarbons [62]. Both of these groups
present traces of individual transition intensities. There have been
no reports of pure rotational lasing in H2 + F2 laser mixtures to date.
There are few reports of small signal gain measurements. Two
authors give values for peak gain on a single transition in SF6 + H2

mixtures initiated by electric discharge [63, 64]. Another study

presents a gain averaged over all transitions available from a multi-
line probe laser [15]. Small signal gain has been measured versus
position in CW HF lasers (cf. Reference 65)., The only study to date
reporting time history of small signal.gain is for the D2 + F2/C02
system of Reference 66, Reference 67 reports P-branch and pure
rotational gains in CO2 lasers,

A number of studies are available which compare computer modeling
predictions to experimental results. These include References 23,
39-41, 68-70, These worﬁg compare only P-branch time resolved
spectra.

This work compares time resolved spectra and time history of small

signal gain at three pressures and two mixtures. This is the first
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time such a well diagnosed experiment and such a detailed computer
model have been compared,

The results, in conjunction with computer simulations, will be
used to evaluate weaknesses in the four kinetic relaxation modes.

These four relaxation modes of interest are
Vibrational to Translational (V-T), Vibrational to Rotational (V-R),
Vibrational to Vibrational (V-V), and Rotational to Rotational and
Translational (R-R,T).

Vibrational to Translational relaxation

HF(v,J) + M = HF(v-1,J) + M E ~ 3500 cm” | (1.4)

is assumed to occur with the product rotational levels being in thermal

equilibrium at the translational temperature. The resulting energy

defects for HF V-T processes are approximately 3500 cm'].
Similar to V-T, V-R relaxation

HF(v,J) + M = HF(v-1, J+ad) + M E~ 150 cn™'  (1.5)

also assumes a portion of the vibrational energy is transferred into
rotational energy of the product molecule. However, the product mole-
cule rotational energy contribution is much higher for V-R than for
V-T. In fact, for V-R, if the product rotational state is assumed to
minimize the reaction energy defect, high rotational levels will result i
with very little contribution to transfational energy. Thus, V-T and

V-R have essentially complementary fractions of rotational and trans-

lational energy in their product molecules: V-T product molecules have

nearly all the energy transferred from vibration going into translation,

while V-R molecules have nearly all the energy transferred from vibra-

tion going into rotation.
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Current kinetic understanding implies that a combination of V-R
and V-T energy transfer represents the vibrational deactivation mode in
HF lasers. This combination is denoted V-R,T, the vibrational energy
transferred to rotation and to translation in the product molecules are
of the same order of magnitude.

In contrast to V-T, V-R and V-R,T, all of which are mechanisms
for removing vibrational quanta, Vibrational to Vibrational energy
transfer is concerned with rearranging the distribution of vibrational
energy while conserving the number of vibrational quanta.

HF(v],J1) + HF(VZ’JZ) = HF(v]-Av,J1) + HF(v2+Av,J2)

E~ 450 cn”!  (1.6)
It is assumed that there is no change in rotational state for V-R
exchange,

The last relaxation mode of importance is R-R,T. This mechanism

is assumed to consist of single quantum rotational exchange (R-R)

HF(vy.9q) + HF(vz,JZ) = HF(v,J,-1) + HF(VZ,J2+1) (1.7)

and single and double quantum R-T,

HF(v,J) + M = HF(v,J-ad) + M J=1,2 (1.8)

As in the case of vibrational energy transfer, R-T removes quanta and
R-R conserves quanta while rearranging -the distribution of rotational
energy. Current practice is to assume that R-T contributes approxi-

mately two thirds of the tola] R-R,T rate., The other one third is

comprised of R-R.

In summary, the goal of this work was to examine in a systematic 1

\ manner the dominate kinetic mechanisms in a pulsed H2 + F2 laser: i.e,

to develop a collection of consistent time resolved data to use in
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evaluating the weaknesses in kinetic models which are in turn used to

guide laser system development.
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CHAPTER 2

EXPERIMENTAL INVESTIGATION OF AN HF LASER

2.1 Introduction

Since the advent of the HF chemical laser in 1967, there has been
much research devoted to answering fundamental questions regarding laser
performance. However, after sixteen years of effort, there are still
areas to be explored. This work attempts to address several areas of
concern.

One such area is the impact of lasing on pure rotational transi- I
tions. This {is important in large scale devices as even a small
fraction of the total output power being emitted at pure ratational
transition wavelengths could severly damage optical components [71].
It s thus necessary to know the extent of lasing on pure rotational
transitions.

Another area of concern is in the examination of the time history
of small signal gain (SSG) on P-branch transitions. This {is pertinent
to applications involving laser amplifiers, the gain being the single f

most important parameter in studies of laser amplifiers. There have
been reports of wavelength averaged [15] and peak [63, 64] gains

measured for HF lasers and measurements of gain time historfies for CO2

lasers [66]. This is the first study to combine measurements of TRS

and SSG and a computer simulation, all on a single device.
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In the remainder of this chapter, an experimental basis for
answering these questions will be presented. In the next chapter, the
results of computer simulations of the experiment will be introduced
and compared with the experimental results of this chapter., Further
conclusions will be drawn from the comparison of the experimental and
simulation results and explanations will be proposed for the areas of

concern listed above.

2.2 Experimental Study

2.2.1 Flash Photolysis Laser
A schematic of the flash photolysis laser cell used in this study
is shown in Figure 2.1, Referring to this figure, the laser cell con-
sisted of a 100 c¢cm long aluminum cavity of 10 cm x 10 cm cross section.
Two 1.6 cm diameter inlet ports were located in one cavity sidewall 10
cm from one cavity end and two 1.6 cm diameter outlet ports were sym-

metrically located in the opposite cavity sidewall 10 c¢m from the

opposite cavfty end. The gas mixture was fed in through the inlets,
flowed 80 cm longitudinally through the cavity and exhausted through the
outlets. A 10 cm diameter dump port was opened after each run to ra-
pidly exhaust the cavity of combusted gases.

The ultraviolet light necessary for initiation of the gas mixture
was coupled into the cavity through 11 cm x 11 c¢cm x 2 cm synthetic
quartz windows (Suprasil If). Two different window configurations were ]
{ used (see Figure 2.2). In one configuration, five quartz windows were

mounted on the top side of the cavity and five quartz windows were

mounted on the bottom side of the cavity (Figure 2.2a). In the other

i i

configuration, the five quartz windows mounted on the bottom side of
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17

the cavity were replaced by one 55 cm x 11 ecm x 2 cm aluminum plate
(Figure 2.2b). In each case, the quartz windows were sealed to the

cavity with viton o-rings and clamped in place by aluminum brackets.

A Can window at the brewster angle was attached to each end of the
cavity by an aluminum mount. Two different brewster window configura-
tions were used (see Figure 2.2). In one case, internal brewster
mounts were used to hold the 5,08 cm diameter Can windows in place.
The window spacing was 81 cm and there was no window path to purge (see
Figure 2.2a). In the second case, external brewster mounts were used
to hold the 7.67 cm diameter CaF2 windows in place. The window spacing
was 121 cm and the window paths were purged with helfum (see Figure
2.2b). A1l window-to-brewster mount and brewster mount-to-cavity sur-
faces were sealed with viton o-rings.

The entire cavity-auartz window-brewster window assembly was pas-
sivated by exposing it to increasing concentrations of fluorine (in-
itially 10%, increased in 10% increments, to 50%, F2 in He, total
pressure 400 torr) for periods of one-half hour.

The optical resonator was of a stable configuration and external
to the cavity. The maximum reflector was a 15.2 cm diameter, 500 cm
radius of curvature copper mirror. Two flat dielectric output couplers
were used. Corresponding to Figure 2.2a, an output coupler with maxi-
mum 81% reflectivity (see Figure A.3) was used. The mirror spacing was
121 cm for this case. Cor;éspondfng to Figure 2.2b, an output coupler
with maximum reflectivity of 97% (see Figure A.2) was used, For this
case, the mirror spacing was 180 cm.

The ultraviolet 11ght necessary for laser initiation was supplied

by a high voltage discharge through four flashlamps (ILC: 56 cm long,
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0.9 cm diameter, filled with 50 torr Xe). The lamps were mounted in

pairs directly above and below the cavity, outside the quartz windows.

The high voltage pulse was produced by charging four capacitors
(Maxwell: 31161, 0.7 microfarads, 45 kV maximum) to between 30 kV and
35 kV and discharging two of them through each pair of flashlamps using
spark gaps (Maxwell: 40060, 75 kV maximum). The spark gaps were si-
multaneously triggered by a high voltage trigger generator (Maxwell:
KV50-805). A schematic of the upper half of this circuit is shown in
Figure 2.3. The lower half of this circuit was identical to the upper
half,

The signal from the trigger generator to the spark gaps was con-
trolled in the following manner. The square wave output from a rotating
wheel chopper (Ithaco: 383) and the manual triggering signal from the
laser control panel were input to a pulse generator (Hewlett-Packard:
214A). The pulse generator served as an "and gate", firing the high
voltage trigger generator. The high voltage trigger generator then
fired the spark gaps as mentioned, simultaneously triggering the fast
risetime oscilloscope (Tektronix: 400 Miz, 7844). A block diagram of the
trigger circuit is shown in Figure 2.4.

Figure 2.5 is a schematic of the gas handling system, The gases
used were:

(1) electrolytically pure oxygen (99.98% minimum purity)

(2) fluorine (98.2% minimum purity)

(3) helium and hydrogen (98% minimum nurities).

Batch analysis of the fluorine showed the following inpurities:
HF <0.4 molar percent

Air 1.69 molar percent
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C02 443 molar ppm
CF4 301 molar ppm

SF6 10 molar ppm

The helium, oxygen and hydrogen flows were monitored using rota-
meter flow meters (Matheson 7400 series) and the flowrates were con-
trolled using fine metering valves (Nupro). The fluorine flow was
monitored using a linear mass flowmeter (Matheson: 8611) and the flow-
rate was controlled using a bellows seal vaive (Nupro Severe Service).
] A hydrogen fluoride trap (Matheson), using NaF2 pellets, was installed
in the fluorine delivery line to minimize the initial cayity HF concen-
tration. The helium, oxygen and fluorine flows were mixed in a 5.1 cm
diameter, 76.2 cm long stainless steel tube as shown in Figure 2.5.
This mixture was routed to the cavity in two 1.9 cm 0D stainless steel
r lTines. The hydrogen flow was injected into the helium-oxygen-fluorine

mixture 20 cm upstream of the laser cavity using the radial "sting"

arrangement shown in Figure 2.6. The complete helium-oxygen-fluorine-
hydrogen mixture then flowed into the cavity where lasing took place.

The cavity pressure was measured using a Bourdon tube gauge (Heise:
Cu-Be) and was controlled by two orifices located 20 c¢m downstream of
the cavity exits in the two 1.9 cm CD exhaust lines. The combusted
product gases were exhausted through these two lines to a 15.2 cm 0D
vacuum duct and then to a triplex pump (Kinney: KT-5008, 500 cfm).
Photographs of the mixing £Lbe, cavity anu rovameter flow controllers
are shown in Figures 2.7 and 2.8 respectively.

Experiments were run at three cavity pressures: 36, 102, and 331
torr, and two aas mixtures: He:OZ: 2:H2 = 22,0:1.0:2.7:1.0 and
20.8:1.0:4.6:1.2. The cavity Reynolds numbers were calculated to be
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23,000 for the 331 and 102 torr cases and 9,200 for the 36 torr case.

Thus, the flow is turbulent for most of the cavity length [721.

2.2.2 Diagnostics

Three types of diagnostic measurements were performed on the laser
medium described in Section 2.2.1: moasurement of the Time Resolved
Spectra (TRS), Time History of P-branch Small Signal Gain (SSG) and
Total Pulse Energy (TPE). See Figures 2.9, 2.10 and 2.11 respectively
for schematic representations of each experimental configuration.

In the TRS experiments, the laser was used exactly as described in
Section 2.2.1. For this case, the laser beam left the output coupler and
entered the first of two enclosed, dry nitrogen purged optical paths.
The purpose of these purged paths was to decrease atmospheric water
vapor absorption of the laser beam as it traveled from the output
coupler to the detector. Upon exiting the first purged path, the beam
was focused by a CaF2 lens and steered into the second purged path.

On leaving the second purged path, the beam entered the electromagnetic
interference (EMI) shielded room. Once inside, the beam was steered
through another Can lens and focused onto the entrance slit of a
monochromator (GCA-McPherson: 218, 0.3 m)., The monochromator dif-
fraction grating (GCA-McPherson: 150 grooves/mm, 4.0 micron blaze)
dispersed the desired component of the total beam through the mono-
chromator exit slit and onto a biased, liquid nitrogen cooled Ge:Au
detector (Raytheon: QKN-1568, 200 nsec risetime). The change in de-
tector bias current was disolayed on a fast risetime, EMI shielded
oscilloscope (Tektronix: 7844) with fifty ohm vertical amnlifier

plugins (Tektronix: 7A19), A picture was taken of each data run with
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a sample shown in Figure 2.12a. Photographs of the monochromators and

the oscilloscope are shown in Figure 2.13.

Time resolved snectroscopy measurements of pure rotational lasing
intensities were also performed, The experimental apparatus was that
of the P-branch lasing case with three exceptions:

(1) The CaF2 brewster windows were replaced with NaCl brewster
windows having much improved transmission in the oure
rotational lasing region of the spectrum,

(2) The 150 grooves/mm, 4.0 micron blaze monochromator
diffraction grating was replaced by a 75 grooves/mm,

16.0 micron blaze monochromator diffraction grating, and

(3) The 3e:Au detector and biasing system was replaced by a
liquid nitrogen cooled HgCdTe detector (SBRC: 40742, 200
nsec risetime) and applicable biasing circuit. See Figure
2.9 for a schematic of this setup.

A slightly different system was used during the SSG experiments.

The laser cell of Section 2.2.1 was modified by removing the ootical
resonator. A comrercially available continuous wave (CW) HF laser
(Helios: ©Li) was employed to probe the laser medijum. This laser
utilized an ele-*c discharqe in a mixture of SF6, 02, He and H2 to
produce laser emission, The probe laser resonator consisted of a gold
coated 200 cm radius of curvature maximum reflecting mirror and a
grating output coupler whi&h allowed single line operation. Transitions
available for probina from this laser were: Py(3), Py(4), Py(5), P, (6),
2(7), Pyi8), Py{9), P,(10), P,(5), P,(6), Po(7), P,(8). This probe

]
laser is discussed further in Reference 73. Pictures of the probe

.
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Figure 2.12 Data photographs

(a) typical TRS intensity trace
(b) typical SSG trace




Figure 2.13 Photographs of experimental setup

(a) photograph of monachromators
(b) photograph of cscilloscopes
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Taser and its control panel are shown in fFiqures 2.14 and 2.8
respectively.

The small signal gain diagnostics were performed as follows. The
probe laser was tuned to a specific transition using the probe laser
resonator grating. The output was then chopped by the rotating wheel
chopper and steered onto a beam splitter. The resultina two output
beams were designated as the reference beam and the sianal beam. They
will be described separately {see Figqure 2.10).

The signal beam was that portion of the probe laser beam that was
reflected off the beam splitter. It traversed a path through the laser
medium collinear with the path of the laser emission described in the
TRS section above. The time dependent chemistry occurring within the
laser medium perturbed the signal beam. The resulting perturbed signal
beam then traveled to the detector following the path described for the
TRS beam.

The reference beam was that portion of the probe laser beam that
was transmitted through the beam splitter. Upon exiting the beam split-
ter, the reference beam was focused using a CaF2 lens and steered into
the EMI shielded room. Once inside the room, the reference beam was
focused again by another Can lens and steered into a monochromator
diffraction grating-detector-bias circuft system identical to that in
the signal beam's path. R

A dual beam, EMI shielded oscilloscope {Tektronix: 7844) with two
fifty ohm vertical amplifier plugins (Tektronix: 7A19) monitored the
two signals simultaneously, Pictures were taken of each data run with

a sample shown in Figure 2.12b. Pictures of the monochromatic-

diffraction grating-detector-bias circuit are shown in Figure 2.13a.
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Figure 2.14 CW probe laser used in small signal gain tests
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The total oulse energy diagnostic was nerformed on the laser cell
while it was in the configuration described in the TRS section. How-
ever, the output beam was routed into a calorimeter (Scientech: 364,
10.2 cm diameter) immediately after exiting the output counler (see
Figure 2.11).

It was also necessary to experimentally characterize the flashlamp
emission properties. It was important to know flashlamp pulse duration
and wavelength distribution as a function of time for the modeling
studies. Measurement of these parameters was accomplished in the
following manner (see Figure 2.15).

The CaF2 brewster window was removed from one end of the cavity.

A quartz lens was positioned inside the cavity, focusing the ultraviolet
Tight pulses from the flashlamps onto the entrance slits of a monochroma-
tor (GCA-McPherson: 218, 0.3 m). A diffraction grating (GCA-McPherson:
2400 grooves/mm, 0.2 micron blaze) disnersed the desired wavelength
component through the exit s1it onto a photomultiplier tube (RCA:

4832). Voltage was supplied to the photomultiplier tube (PMT) and the
resulting signal displayed on an EMI shielded, fast risetime oscillo-
scope (Tektronix: 7844) with a one megaohm vertical amplifier
(Tektronix: 7A16A). Flashlamp intensities vs time at 0.1 micron in-

tervals in the region 0.25 micron to 0.40 micron were recorded (see

Fiqure 2.16).
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EXPERIMENTAL CONFIGURATION FOR
MEASUREMENT OF I,. (1)

DISCHARGE CGIRCUITRY
0.3 m FLASHLAMPS QUARTZ
MONOCHROMATOR WINDOWS
QUARTZ LENS
AVITY
= B | FasT RISETIME
e 0SCILLOSCOPE

Figure 2.15 Flashlamp intensity measurement experimental
configuration
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Figure 2.16 Typical Flashlamp intensity trace !
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2.3 Results of Time Resolved Spectroscony Studies
2.3.1 Introduction

Time resolved spectra measurements were recorded at three pressures
and two mixtures using two values of outcoupler reflectivity. Results
for the two mixtures will be discussed separately. Some general con-
siderations will be presented first.

[t is widely known that mixtures of H2 and F2 will spontaneously
form HF. For laser mixtures this is known as prereaction and has been
reported by many authors (cf. Reference [64]). The HF formed by pre-
reaction rapidly equilibrates, depositing population in low rotational
levels in the ground vibrational state. This population, already pre-
sent when initiation of the remainder of the H2 + F2 mixture takes
place, is undesirable for several reasons., (1) The equilibrated popu-
lation acts as an absorber on several low J transitions in the v = 1-0
band, increasing their threshold gains. These increased threshold
gains are a loss mechanism robbing the laser pulse of a portion of its
energy [74]. (2) Hydrogen fluoride is a very efficient self deactivator.
It is the most efficient rotational deactivator [68] and one of the most
efficient vibrational deactivators [75]. Hydrogen fluoride population,
formed prior to initiation, reduces total pulse power, energy and dura-
tion by increasing the relaxation rate of the nascent population dis-
tribution [76]. (3) Finally, the laser pulse loses additional power and
energy because any HF formeé and deactivated prior to pulse initiation
cannot contribute to pulse energy and pulse power. For these reasons,
it is desirable to minimize prereaction in a laser. For this study,

there is another important reason: (4) Because of the large HF

Einstein coefficient for stimulated emission (and consequently, the
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large absorption coefficient) and the long length of the active medium
(53 ¢cm), gain measurements were extremely sensitive to initial HF con-
centration. [n fact, a concentration of 0.5 mtorr of HF could be
detected by probing on the P](3) transition. See Appendix 8 for a de-
scription of this technique.

This sensitivity to initial HF concentration necessitated a much
more stringent prereaction requirement for this study than in other works.
Suchard [14], for instance, claimed prereaction of less than five per-
cent initial mixture F2. If this criterion were used, up to 295 mtorr
HF could be present initially for the lowest pressure case. This would
have prevented measuraments using the gain detection system by totally
absorbing the probe laser signal.
is added to the H, + F

2 2 2
mixture [1, 17, 30, 42, 77, 78]. The rate of formation of HF is reduced

Historically, to minimize prereaction, 0

by the presence of 0y, in some cases insuring stability [78]. It is
believed that O2 removes chain carriers (H and F atoms) from the mix-
ture [79]. Unfortunately. Taylor, et al [79] have shown that in the
absence of prereaction, increasing O2 concentration reduces laser per-
formance by removing the H and F atom chain carriers. Thus, O2 concen-
tration has to be balanced between the minimum amount required to reduce
prereaction to an acceptable level and the maximum amount tolerable to
laser performance.

Reduction of prereaction was deemed to be of primary importance so

02 was added until the initial concentration of HF was below 1 mtorr.

This necessitated an unusually high concentration of 02.

In addition to problems associated with prereaction, HF lasers

suffer problems with parasitic oscillations (cf. Reference 70)., A
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parasitic oscillation is defined as undesirable stimulated emission
occurring within the laser medium. MNormally, this means lasing between
surfaces other than the cavity mirrors. This can be a large loss
mechanism as emission produced by parasitic oscillation is not emitted
in the output beam; parasitic power and energv are lost. Two attempts
were made to reduce parasitics,

One attempt was to cant the cavity end surfaces such that single
pass oscillation could not exist between the Brewster window mounts.
This should have eliminated parasitic oscillations in the lasing axis
direction.

Another attempt was to coat all cavity interior surfaces with

absorbant black paint (3M: Nextel). This was expected to eliminate
parasitic oscillations between surfaces normal to the lasing axis
[39]. The disadvantage of this technique was that the ultraviolet
initiation photons hitting the cavity interior surfaces were essen-
tially all absorbed. Since initiation was low with the absorbant black
paint in place, it was removed. Removal of the paint helped increase
initiation efficiency, always desirable in a flash photolysis

case [1].

While precautions were taken to minimize parasitic oscillations,
there is no absolute evidence that paragitic oscillations did not exist.
There is the possibility that undetected parasitic oscillations did
i exist because the system exhibits high gain and because the laser cavity
i walls and windows are not perfectly transmitting. In addition, Suchard,
et al. (39] have discussed the existence of circumferential and axial

modes of parasitic oscillations and shown them to be important under

certain conditions. They have shown that axial grazing modes can be
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particularly detrimental to laser performance. Calculations similar to
those of Suchard, et al. [39] for axial grazing modes were performed.
The resulting parasitic oscillation threshold gain for this mode is

0.019 cm™ ).

This is lower than the experimental peak gain reported
here for all transitions except P](7) and P](6). Potential parasitic
threshold gains presented here are comparable to gains measured here
implying parasitic oscillations may well be important.

For the time resolved spectroscopy runs, the data taking procedure
was as follows: (1) The cavity was purged with He for approximately
two minutes to flush out residual HF. (2) The dump valve was closed
and the cavity was evacuated to less than 1 torr., (3) Metered flows of
He and 02 were admitted. At this point, in rapid succession, (4) the
F2 flow was turned on, the capacitors were charged, the H2 was added,
and flows were permitted to stabilize. (5) The capacitors were
discharged, pulsing the flashlamps and initiating lasing. (6) Al
gas flows except the He were turned off and the dump valve was
opened. Step (1) was then repeated. The duration between shots was
timed to be five minutes. This allowed sufficient time to remove all
combustion products from the cavity between runs.

A1l the time resolved spectra data was taken in the form of
pictures of oscilloscope traces. A sample is shown in Figure 2.12a.
A1l the data for one mixture at one pressure were then reduced to a plot
like Figure 2.17. 1In this }1gure, the horizontal lines show the
measured duration of each transition, displayed horizontally at the v
and J corresponding to the transition's lower level. The time of each
transition's peak intensity is denoted as a closed circle. To aid in

the visualization of pulse development, selected transition intensity
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Figure 2,17 Time resolved spectral output: He:0 :FZ:H
i 20.8:1.0:4.6:1.2 2
(a) 36 torr pressure
(b) 102 torr pressure
(c) 331 torr pressure
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time histories were plotted in Figures 2.18, 2.19 and 2.20. Fiqures 2.18,
2.19 and 2.20 show relative intensities only,

Using the aforementioned data taking procedure, day-to-day re-
peatability was about 20% for peak intensities, about 15% for pulse
durations and about 20% for pulse energies. Shot-to-shot repeatability
was better: 10% for peak intensities, 10% for durations and 15% for
pulse energies.

Most of this variation can be attributed to two causes: (1) The
variation of capacitor charging voltage from run-to-run, and (2) The
lack of repeatability in cavity mixture and pressure. The first would
cause a change in initiation strength from shot-to-shot by varying the
photolysis energy supplied to the mixture. This would perturb all
pulse characteristics. The second would cause a change in the chemistry

and relaxation processes, also perturbing all pulse characteristics.

2.3.2 Time Resolved Spectroscopy Results for the Mixture

He:0,:F,:H, = 20.8:1.0:4.6:1.2

2727

For all runs, there is a strong trend of shifting of the transition
peak intensity times with rotational level in all bands. There is also
a strong trend toward shifting of the pransition initiation and termina-
tion times with rotational level in all bands. In addition, one
observes an increase in pulse duration in all bands with an increase

in rotational level up to PV(6). Pulse duration shows a decrease

at transtions above PV(6). Finally, there is also a general decrease in

peak fntensity with increasing rotational level.
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He:0,:F,:H, =
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102 torr pressure
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The observed monotonic trends ot shifting transition initiation,
termination and peak intensity times are strang evidence of a rotational
distribution approximating Boltzmann. Furthermore, peak intensity with-
in a given band generally appears on the transition with the maximum upper
level population in that band consistent with a Boltzmann distribution of
rotational levels at about 400 K. Nevertheless, nonequilibrium rotational

populations are evidenced by simultaneous lasing on adjacent transitions.

There appears to be cascading linking the transitions P2(3) and
P1{3), P3(4) and P,(5) and Po(3) with Py(4) and P,(5).

Cascading is a phenomena due to lasing where the stimulated
emission flux on one transition assists in the inversion buildup, and
subsequent lasing, of a second transition. The two transitions are
linked by a common, intermediate energy level: HF(v =1, J = 3) for
instance. When lasing occurs on the P2(3) transition, population is
ragictively transferred from HF(v = 2, J = 2) to HF(v =1, J = 3). This
population transfer helps to build up an inversion between HF(v = 1,

J = 3) and HF(v = 0, J = 4), leading to lasing on the P](4) transition.
P2(3) and Pl(d) are then said to be cascade linked transitions.

For each of these pairs of transitions linked by cascading, a peak
in the upper transition stimulated emission intensity is closely
followed by a peak in the lower transition stimulated emission intensity.
This is particularly noticeable for the 36 torr pair P2(3) and P1(4).
Initially P](d) rises just after P2(3) rises, falls just after P2(3)
falls, and rises again just after P2(3) rises for the second time.

Also note that lasing is nbserved on transitions in the v = 6.5

band. No such lasing was observed for the 36 torr case. This behavier
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is probably a result of a more favorable competition at 102 torr between
the net result of pumping plus deactivation and the cavity loss mechan-
isms. As the pressure increases for a fixed gas composition, the net
inversion produced by pumping minus deactivation increases. From the
results presented in Figure 2.17 for the 102 torr case, it appears that
for this case, the inversion exceeded the threshold gain due to cavity
losses while for the 36 torr case it did not.

This increased rate of stimulated emission on the v = 6-5 band for
the 102 torr case would help to explain the anomalous behavior of the
PS(S) transition. This transition has a significantly higher peak than
Ps(d), hence, it does not follow the trend of decreasing peak intensity

with increasing rotational level. This could be explained by cascading

from Pb(3)' Another possible explanation is that the assumed pumping
distribution is in error. An alternative pumping distribution is

suggested in Chapter 3.

The v = 6-5 band behavior also appears anomalous for the 331 torr
case. Here, none of the trends observed for the other levels are
obeyed. Because of the high rate of hoﬁ pumping into v = 6 (8], one
would expect stronger lasing. Hcwever, because hot reaction pumping into
v =7 is much less than the pumping intq v = 6, V-V exchange and reverse
V-R,T  (R-V) energy transfer may be transferring a significant amount of

population between v = 6 and"v = 7. This would diminish the v = 6-5

inversion. Furthermore, since V-R,T energy transfer is thought to
2.7

scale as Vv [25], fast V-R,T relaxation will also contribute to

the reduction of the v = 6-5 inversion. These mechanisms may account

for the behavior of the v = 6-5 band.
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The unique time history of the v = 6-5 band may also be explained
by cascading. It appears that lasing on P6(4) is strongly dependent on
the behavior of lasing on PS(S)V P6(4) does not initiate lasing until
PS(S) reaches its peak intensity. Thus PS(S) lasing would assist in
P6(4) lasing by improving the population inversion by cascading.

Recall that cascading occurs when the lower transition lases,
removing population from the lower level of the upper transition,
which then lases. In addition, P6(4) terminates shortly after PS(S)
terminates. This implies that when the mechanism assisting the
population inversion terminates, so does the laser pulse.

[f the behavior of P6(4) were neglected, P6(5) and P6(6) would
follow the observed trends well. These two transitions exhibit behavior

in agreement with the trends for peak intensity and termination times.

They disobey the trend for initiation time only slightly.

[t is clear that the intensity, initiation and termination times,
and duration of PI(S) do not fit the observed trends. A possible ex-
planation is partial absorption of the P)(S) signal by a foreign species.

R This absorption would tend to decrease the Siy-al intensity while leaving
the peak position unchanged. This would effectively shorten the pulse
duration, This behavior is consistent with that observed for P](S): An
initiation time later than predicted by the trends, a termination time
earlier than predicted by th; trends, a peak intensity lower than pre-
dicted by the trends but a peak position in agreement with the trends.
Passible candidates as absorbers are impurities in the F2 supply (SF6,
C02, 0,, N, or CF4) or products generated during lasing (OH or HZO).

Oxygen and nitrogen can be eliminated immediately since they have

no transitions which absorb in the 2.7 um region(80].
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Sulfur hexafluoride can also be eliminated from consideration,
First, it has no infrared active transitions near 2.7 .m [81], and
second, the reported absorption coefficient at the P](S) wavelength is

1.3 x 1072 em™!

torr™! (82]. Coupled with the estimated SF6 impurity
in the F2 supply and the 100 ¢m absorption pathlength accounted for,
this would yield only 7.0 «x 10°7% absorption of the P](S) signal over
the entire cavity length.

Carbon tetrafluoride can also be eliminated. It has only continuum
absorption in this region of the spectrum [83].  This continuum absorp-
tion would affect all transitions in this spectral region equally and
would not be responsible for the anomalous behavior of a single line,

The hydrox] radical has infrared active transitions in the 2.7 um

- region of the spectrum, however none are within 3 cm'] of the reported

P](S) transition wavelengtr [84). Since the linewidths of both OH and
HF should be considerably less than 3 cm'], even for the 331 torr case,
OH should have negligible absorption for the Pl(S) transition.

Carbon dioxide also has infrared active transitions in the 2.7 um
region of the spectrum [80]. There are three transitions near the
measured wavelength of P](S): 3741.,459¢8 cm'l (85]. These are transi-
tions at 3741.445 cm™', 3741.471 cn”' and 3741.368 cm”! corresponding to
transitions occuring in the 14%1-04%, 2221-1220 and 10°1-00°0 bands
respectively, Although these three transitions lie within the P](S) line
profile, they probably do not contribute significantly to P,(5) absorp-

4 2

tion. First, the 141-04% and 22211220 transitions are hot bands

and will have very little population in their lower levels for tempera-

tures encountered here. Their absorption will thus be negligible [86].

[+] [
Second, the remaining transition, 10 1-00 0, is a combination band with

v —wmrge -
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a very low absorption coefficient, Approximately 100 torr of CO2 would
be needed in the laser cavity to produce the absorption necessary to
diminish P](S) [86]. Consequently, CO2 absorption does not appear to
be the cause of anomalous P](S) behavior,

Hater vapor has an infrared active absorption line near 3741.4598
cm']. Fraley and Rao (87], report an 001+000 transition at 3741.3088
cm']. This {s within the line profile of P](S) and could account for
the observed absorption.

Other investigators have credited water vapor absorption with per-
turbing P1(5) intensities. Ultee [88] and Jacobson, et al [89] credit
water vapor absorption with being responsible for anomalous behavior of
their reported P](S) intensities, although they do not list the water
vapor transition responsible. Galochian, et al [29] and Greiner, et al

[50] also report P](S) intensities inconsfstent with the remainder of
their observations. They do not suggest a cause.

Oue to the evidence presented, it is likely that the anomalously
low P](S) intensities observed are due to water vapor absorption of the
signal.

For the 331 torr case, the behavior of P](S) may seem inconsistent
with the partial water vapor absorption of the signal as was suggested
for the 36 torr and 102 torr cases. However, careful inspection of the
P](S) trace reveals the peak intensity is barely in accord with the
trend of increasing peak intensity with increasing rotational level up
to J = 6 within a given band. An increase in peak height for this tran-
sition would still be consistent with the trend observed for the 33}
torr case. Thus, partial water vapor absorption of P](S) is st1ll a

viable explanation for the observed behavior,
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2.3.3 Time Resolved Spectroscopy Results
for the Mixture
He:02:F2:H2 = 22.0:1.0:2,7:1.0
For this mixture compesition, there is monotonic shifting of both
transition peak intensity times and transition termination times with
increasing rotatfonal level. These trends are well obeyed except for
the 81% outcoupler reflectivity 331 torr case. In addition, transition
initiation time increases with rotational level within a band. This

is generally obeyed for all pressures with the following exceptions:

P3(5) starts before P3(4). P4(4) starts before P4(3), and Ps(d) starts
before P5(3). Pulse duration also increases with an increase in
rotational level. This behavior is strongest for the 331 torr case
with 97% outcoupler reflectivity and for the 36 torr case. It is
obeyed up to PV(G) for the remaining two cases.

Cascade linked transitions are apparent for all three cases utiliz-

ing the 97% reflectivity outcoupler. There is no apparent cascading

for the 331 torr case using the 81% reflectivity output coupler.
Furthermore, cascading is more evident at 36 torr than at 102 torr

and more important at 102 torr than at 331 torr. This is based on the
observation that the number of cascade linked transition pairs decreases
with pressure.

It should be noted that no lasing is observed on v = 6-5 band
transitions. The absence of-v = 6-5 lasing is most 1ikely explained by
the steep dropoff of the output coupler reflectivity with increasing
wavelength, See Figure A.,2. It is possible that the resultant in-
crease in threshold gain with wavelength ‘s such that the v = 6-5

transition population inversions are insufficient to attain threshold.

1
{
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Figure 2.21 Time resolved spectral output: He:OZ:FZ:H2 =
22.0:1.0:2.7:1.0
(a) 36 torr, R, = 0.97

| (b) 102 torr, R = 0.97
(c) 331 torr, R; = 0.97
(d) 331 torr, RO = 0.81
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As mentioned in Section 2.3.2, the observation of increasing pulse
duration with increasing rotational level, shifting of initiation time,
and monotonic shifting of peak and termination times with increasing ro-
tational level, are asvidence of a near Boltzmann distribution of rotation-
al population within a given vibrational level. Since these trends are
also observed here, it is likely that a near Boltzmann distribution of
rotational levels exists for this case too.

It should also be noted that P](S) is absent. This again, is pro-
bably attributable to water vapor absorption. In this case, it appears

that absorption is so strong, P](S) never attains threshold.

Upon comparison of the two cases at 331 torr, it is evident that
a change in output coupler reflectivity has no effect on the number of
transitions lasing, the number being the same in each case. Hence, for
this case, output coupler reflectivity hés little effect on an indivi-
dual transition's initiation time or on an individual transition's ter-
mination time. Outcoupler reflectivity causes a slight effect on pulse
duration: of the nineteen transitions observed to lase, ten have longer
durations using the 81% reflectivity output coupler, seven have longer
durations using the 97% reflectivity output Coupler, and two have dura-
tions essentially unchanged. This behavior runs counter to the
expected result that an increase in the value of output coupler
reflectivity would lower threshold gain, leading to increased pulse
durations and an increase in the number of transitions lasing. There

appears to be no explanation for this lack of agreement.
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2.3.4 Results of Pure Rotational Lasing Studies
As noted in Section 2.1, the portion of laser power emitted at pure
rotational wavelengths is of prime importance to researchers and develop-
ment engineers interested in high power applications. Pure rotational
lasing has also been shown to be linked to V-R,T energy transfer [61,

62, 80]. For these reasons, attempts were made to measure the time

solved spectroscopy of pure rotational lasing transitions,

The experimental configuration used to investigate pure rotational

lasing was discussed in 2.2.2. Two changes were made: (1) The 4 micron
blazed monochromator diffraction grating employed in the P-branch lasing
studies was replaced by a 16 micron blazed grating. (2) A long pass
interference filter was inserted into the optical path immediately prior
to the monochromator entrance slit, This filter had a 9 micron cut on
point with <0.1% transmission below 9 microns and nominal 50% trans-

mission from 9 microns to 20 microns, The interference filter served

to eliminate all P-branch lasing signals, passing only radiation due to
pure rotational lasing transitions.

Initial testing was done with the mixture He:OZ:FZ:H2 = 22.0:1.0:
2.7:1.0. At first, the 81% and 97% peak reflectivity output couplers
were used, No rotational lasing was observed for any of the three

pressure cases using these two output couplers. This could be due to

the drop in output coupler feflectivity above 4 micraons. This decrease
in reflectivity continued out into the middle IR such that at 16 microns,
the center of the pure rotational transition wavelengths, the reflecti-
vity was below 20%, A 20% reflectivity would yield a threshold gain of

0.C12 per cm, It appeared that pure rotational lasing transitions never

exceeded threshold gain.
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To correct for this, an output coupler with approximately 95% re-
flectivity at 16 microns was substituted for those used previously. This

lowered the threshold gain for pure rotational lasing to aporoximately

0.0011 per cm. This output coupler had low reflectivity in the P-branch
region of the spectrum: Nominally 40%.

The monochromator was tuned to transitions originating on
J = 13,14,15 and 16 for vibrational levels v = 0, 1 and 2. These
levels were chosen by noting the results of other researchers who had
reported pure rotational lasing (57, 58, 60, 91], most notably Pimentel
and coworkers [62,90]. HMote that this rotational lasing was not
observed from mixtures of H, + FZ' but from boron trihalides, vinyl

2
fluoride, 1,1-difluoroethene, C]Fx-+ H2, freons + HZ’ CF,I or CF Br +

3 3

hydrocarbons and in optically pumped HF. Transitions above J = 16-1§
could not be detected due to detector wavelength limitations.

For this mixture, no rotational lasing was recorded for either the
36 torr or 331 torr cases. Intermittent pure rotational lasing was de-
tected at 102 torr for the transition v = 1, J = 15-14, Lasing was
observed to occur only three times out of twenty-four trials. This is
not sufficient evidence to report TRS for pure rotational lasing., How-
ever, this investigation does imply the existence of pure rotational
lasing.

An investigation of pure rotational lasing was also conducted for
the mixture He:OZ:FZ:H2 = 20.83:1.0:4.6:1.2. The same transitions were
examined as for the other mixture. All three output couplers were used.

Pure rotational lasing was not observed for any of these three pressure

cases,
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The conclusions to be drawn from the examination of pure rotational A
lasing are: (1) For higher F2/H2 ratios, hence stronger initiation, pure
rotational lasing is unimportant and probably does not exist. (2) For
more strongly diluted systems with FZ/H2 approaching stoichiometric,
rotational lasing may exist. (3) If output coupler reflectivity is low,

near 25% for pure rotational wavelengths, pure rotaticnal lasing

is negligible for all compositions reported here.

2.3.5 Discussion
Several trends become apparent upon comparing the runs presented in
Sections 2.3.2 and 2.3.3.

(1) As expected, individual transition pulse durations show a
decrease with an increase in mixture pressure. All but two
transitions exhibit this behavior for the mixture composition
He:02:F2:H2 = 20.8:1.0:4.6:1.2. For the mixture composition
He:OZ:FZ:H2 = 22.0:1.0:2.7:1.0, the trend is observed for
transitions which terminate on rotational levels above J = 4.
No pattern is evident for transitions which terminate on
rotational levels J = 3 and 4. {

(2) Individual transition pulse durations decrease with an
increase in initial percentage of mixture FZ. This behavior
is observed for both the 36 torr and 102 torr cases, there
being only one exception to each. It is not observed for the
331 torr case.

(3) The number of transitions lasing within a given band increases
with an increase in initial percentage of mixture Fz.

This is striclty true for the 36 torr case. It is also true

L " ol —~— B e e . -
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for the 1-0, 3-2, 5-4 and 6-5 bands at 102 torr and for the

1-0, 4-3, 5-4 and 6-5 bands at 331 torr.
Two more trends become apparent upon comparing the raw data used to
generate the figures in Sections 2.3.2 and 2.3.3.

(4) As one would expect, individual transition peak intensities
increase with an increase in mixture pressure. There are no
exceptions when comparing the 36 torr and 102 torr cases, but
there are four exceptions when comparing the 102 torr and 331
torr cases on rotational levels above J = 4.

(5) Individual transition peak intensities increase with an increase
in initial percentage of mixture FZ' As in (3) above, there are
no exceptions for the 36 torr case. This behavior is generally
true for the 102 torr and 331 torr cases. However, there are

! several sets of intensities which do not follow this pattern
for both cases.

The increase of individual transition peak intensity and the

decrease of individual transition pulse duration with increasing
pressure are probably due to binary scaling of the chemical pumping and
relaxation kinetic processes. Binary scaling would yield faster pumping
and relaxation causing increased rates of fuel and oxidizer consumption
and increased rates of product deactivation. This, in turn, is probably
responsible for the shortened individual transition pulse durations.

The increased rate of chemical pumping would also allow the population
inversions generated to compete more favorably with threshold gain loss 1

mechanisms and with stimulated emission allowing higher intensity build-

ups. This would result in larger transition peak intensitites.
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Wwe conclude tne remaining trends, (3), (4) and (5), are due to an

increase in the initial percentage of mixture FZ’ However, the effects
of increasing initial mixture F2 are probably distorted by the change
in outcoupler reflectivity between the two mixtures. A discussion of
these two effects follows.

Only two variable are changing during the comparison of the runs
at the two mixture compositions. The first is the percentage of
initial F2 in the mixture. The second is the nominal output coupler
reflectivity. These changes in initial mixture F2 percentage and
output coupler reflectivity should affect pulse behavior in opposite
ways.

One of the effects of increasing the initial percentage of mixture
F2 to increase the rate of cheniical pumping. This leads directly
to an increase in the consumption rates of fuel and oxidizer and a
consequent shortening of the pulse duration. Another consequence is
more favorable competition between inversion buildup and losses through
deactivation and radiation. Hence, one notes: (1) an increase in the
number of transitions lasing and (2) increased peak intensities. The
conclusion is that an increase in the initial percentage of mixture
F2 is partly responsible for observations (3) and (4). It is not clear
what the effect of increasing initial mixture F2 percentage would be on
observation (5).

Changing the output coup}er reflectivity has the opposite effect
on pulse behavior for (3) and (4). Increasing the output coupler
reflectivity decreases the threshold gain, lowering cavity losses,
allowing more favorable competition between pumping and losses,

yielding a greater number of transitions lasing and leading to increased
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transition durations. This is not observed. There are two possible
explanations.

The first, as stated in Section 2.3.3, is that the effect of the
change in outcoupler reflectivity under these mixture conditions is
minimal. The second is that the effect of increasing the initial
percentage of mixture FZ dominates the effect of the outcoupler
reflectivity.

There are further observations to be made. One is that for all
pressures and all mixture compositions, the time resolved spectra
resuylts indicate a nearly thermalized, or near Boltzmann, cdistribution
of rotational levels. This is due to observed shifts in pulse initiation,
pulse termination and pulse peak intensity times with increasing rotation-
al level. Additional evidence is the increase of pulse duration with
an increase in rotational level.

As previously stated in both Sections 2.3.2 and 2.3.3, these nearly
thermalfzed rotaticnal distributions are evidence of a rotational
relaxation mechanism that is fast compared to chemical pumping and
Y-V and Y-R,7T relaxation.

Rotational relaxation may be much faster than chemical pumping and
vibrational transfer and relaxation, but it is slower than the stimu-
lated emission buildup time., Kerber, et al. [70] report the stimulated
emission buildup time to be pn the order of 2L/c. For this work,
2L/c = 9.5 x 10‘9 sec while model results show the rotational relaxa-
tion time to be 5.0 x 10'8 sec at 331 torr. The rotational relaxation

times at 102 torr and 36 torr are longer than that at 331 toer.
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Another observation is that P](S) lasing 1s present only for the
mixture He:OZ:FZ:H2 = 20.8:1.0:4.6:1.2. The proposed increase in pump
percentage rate with increased initial mixture FZ' presented above, is
consistent with this. [t is possible that this increase in pumping ra
would overcome the absorption losses which are present for P](S).

A final observation is that the relative importance of stimulated
emission as a population transfer mechanism is increasing with an
increase in mixture pressure. This is more evident for the mixture
composition He:OZ:FZ:H2 = 20.8:1.0:4.6:1.2.

For this mixture, cascade effects increase with pressure. More
transitions are linked by cascading and cascading is more dominant
at higher pressures, especially for higher vibrational bands: compare
v = 6-5 at 331 torr and 102 torr for this mixture composition. Peak
intensities for individual transitions also increase with pressure.

As expected, population transfer due to stimulated emission increases

with pressure. 1lhe latter two effects are related to the increase in

cascading.

As mentioned in Section 1.2, there are six other studies reporti
time resolved spectra for Hy + Fo systems. Of these six, four [14, 1
42, 43] utilized flash photolysis initiation and two (17, 52] used
electric discharge. Only the results of one of the electric discharg
works will Le compared: those of Parker and Stevens [17]. Basov, et
al. [52] do not present a complete set of spectra, but instead presen
cnly selected transitions time histor1és. A meaningful comparison
between that work and the results presented here is not possible, Co
sequently, only the work of five authors will be presented: Referenc

14, 13, 42, 43, 17. These results will be compared individually with
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the results of the present work. All pertinent information for each of

these five works is presented in Table 2.1.

Suchard, et al, [14] present results for a 75 cm long, 1.2 cm
diameter tube filled with 50 torr of a He/F,/H, mix of composition
He:FZ:H2 = 60:1:1. The resonator configuration was a 310 cm radius,
98% reflector separated by 100 c¢cm from a 0.2 cm hole outcoupler. A
photolysis pulse 55 usec long initiated the reaction, dissociating ap-
proximately 1% of the initial Fz.

Greiner [19] presents results for a 15 cm Tong, 0.7 cm diameter

tube filled with 45.5 torr of a OZ/FZ/HZ mix of composition OZ:FZ:

H2 = 1:10:11.0. A photalysis pulse 18 usec long initiated the reaction,

dissociating an estimated 0.75% of the initial F2‘ This recuited in a
pulse 8 usec long with individual transitions having a mean duration of
2 usec. Lasing was observed only for the lowest four bands: 4-3, 3-2,
2-1, 1-0. There was some evidence of cascading: Greiner [19] gives no
information on the configuration of his optical cavity, but does note
that the lasing mixture was originally cooled to 200K to 218K.

The work of Suchard [42] is very similar to that of Suchard, et al.
[14]. According tc Suchard [42], the differences are a different op-
tical cavity configuration, a different gas composition and a different
cavity length. The values from Reference 42 are a 43.5 cm cavity, a
mixture consisting of He:FZ:H2 = 80:2:1 and an optical cavity consist-
ing of a 90% reflectivity outcoupler separated by 90.5 cm from the 98%

reflectivity, 310 cm radius mirror, also used in the study of Reference

14,
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Borisov, et al [43] report TRS for a 114 torr mixture of He:OZ:
F2:H2 = 0:2:3:1 contained in a 75 c¢cm long 2.4 cm diameter cavity.

The optical cavity consisted of two flat mirrors of 96% and 6% re-
flectivity. The flash photolytically initiated pulse had a total dura-
tion of 4 usec with individual transitions having a mean duration of 1.7
usec.

The previous four authors all used flash photolysis for laser
initiation. The remaining work used a pulsed electric discharge for
initiation. As mentioned in the introduction, electric discharge
initiation produces charged species which can complicate the medium
chemistry. This difference in chemistry could be responsible for a
difference in results between electrically and photolytically initiated
systems.

Parker and Stevens [52] present results for a 36 torr mixture of
He:Oz:FZ:H2 = 10:0.25:1:1 flowing through a 1 x 0.8 x 15 cm long
channel. A 300 cm radium "high reflector" and 80% reflectivity flat
mirror comprised the optical cavity. Electric discharge pulses of
0.2 + 0.7 usec produced laser pulses of 6 usec total length with a mean
transition duration of approximately 2.3 usec. The authors claim an
initial F2 dissociation of about 2.5%.

Our 36 torr, mixture He:Oz:FZ:H2 = 20.8:1.0:4.6:1.2, TRS results are
consistent with the results of Greiner [19] and Parker and Stevens [17].

These studies report durations less than that presented here: 8 usec and

4 uysec vs. 200 usec, respectively. This is to be expected as: ]

el il it




65

(1) Both studies report fluorine dissuc1ation vaiues over two
orders of magnitude less than this stuuy. Pulse duration is

known to decrease strongly with initiation strength [70].

(2) Both studies report cavity lengths less than this work.
Pulse duration has also been shown to decrease with

decreased cavity length.

(3) Greiner [19] has a much less dilute mixture, also leading

to a decrease in pulse duration relative toc this work.

Our 36 torr, mixture He:0 = 22.0:1.0:2.7:1.0, TRS results

2:FZ:H2
are consistent with the results of Suchard and coworkers [14, 42]. The
durations reported there are shorter due to the higher level of
initiation reported (1% vs the 0.0025% reported here, and the%r slightly
higher cavity total pressures. The mixtures employed by Suchard and

coworkers are more dilute than this case, which could lead to some

lengthening of their pulse duration compared with this. However, it

is expected that this will be a much smaller effect than the over two
- order of magnitude difference in initiation strength.
The results of Borisov et al. are consistent with our 102 torr
results with mixture composition He:OZ:FZ:H2 = 20.8:1.0:4.6:1.2. They
' report shorter pulse durations because of higher threshold gain and a
much less dilute mixture. The former is due to the low (6%) outcoupler
reflectivity employed and leads to a decrease in pulse duration [70].

The latter has also been shown to lead to a decrease in pulse duration.

- T TERTW - Mo
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2.4 Results of Small Signal Gain Studies
2.4.1 Introduction

Small signal gain was measured on this laser at three pressures and
two mixtures. Results from the two mixtures will be discussed separately,

For the case with nominal mixture He:OZ:FZ:H2 = 22.0:1.0:2.7:1.0
small signal gain could not be measured at 36 torr. The small signal
gain was too low to cause a noticable perturbation in the amplitude of
the signal beam. All attempts showed neither positive nor negative gain,

Small signal gain was not measured for P](6), P2(3) or P2(4) at 102 torr

and for P](3), P2(3) or P2(4) at 331 torr. This was due to an old and
erratic probe laser which refused to lase on these transitions. Several
different probe laser gas mixtures and discharge currents/voltages were
tried in an effort to get the probe laser to oscillate on these transi-
. tions. All failed.
For the mixture He:02:F2:H2 = 20,8:1.0:4.6:1,2 small signal gain

was measured only at 102 torr. In addition, small signal gain was not

measured for P2(6), P2(7), P2(8), P](3) or P](S) for the reason stated
in the paragraph above.

It was originally proposed to probe small signal gain (SSG) on the
v = 2-1 and v = 1-0 transitions with the Helios SF6/H2 probe laser and
to probe SSG on all other bands with a.Laser Analytics Tunable Diode
Laser (TDL). Upon the advige of Butler of Laser Analytics [92], the
latter was dropped. It was felt that there would be two insurmountable
problems. The first was attenuation of the weak (<1 microwatt) TOL

probe signal. This would have been caused by scattering off optical

elements and atmospheric dust particles and absorption by optical
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reflecting and transmitting elements and by the atomsphere. It was felt
the signal level would be too low to register on the detectors. The
second, and more serious problem, was electromagnetic interference (EMI)
of the TDL power supply. High transient currents in the flashlamp dis-
charge circuitry would produce time varying magnetic and electric fields
which would in turn perturb circuit elements within the sensitive TODL
power supply. This would result in mode hopping of the TDL causing a
shift in probe laser signal frequency. This could not be tolerated.

For these reasons, the TDL probe was not used.

One alternative to the TDL as a gain probe was to use SFg + HI in
the existing SF6/H2 Helios probe laser. This was suggested by Jeffers
(33]. Due to previous results using the SF¢ + HI mixture [50], Jeffers
felt this mixture might produce lasing on transitions up to v = 6-5
using the probe laser described in Section 2.2.2.

There were three reasons why no measurements were attempted using
this technique. First, iodine atoms remaining as products from the
reaction F + HI = HF + | could combine with fluorine atoms to form IF,
and subsequently, IF5 and IF, [94]. These compounds are potentially
very damaging to vacuum pumps. [t is believed that the IF5 and IF7
rapidly decompose vacuum pump 0il and seals often leading to vacuum
pump failure (93, 94]. Second, Jeffers believed any HI not consumed in
the probe laser reaction zqne would have an effect on the vacuum pumps

similar to that of I[F. and IF7 (84]. Third, there was a lack of suffi-

5
cient facility time to complete the TRS and SSG measurements at the two

mixtures presented here and undertake SSG measurements for the higher

vibrational bands. It was felt that the TRS and SSG measurements
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presented here were more important than the SSG measurements for the higher
vibrational bands. Thus, facility time was utilized in a manner con-
sistent with these goals.

A second alternative to the TODL as a gain probe was the f-center
laser marketed by Burleigh, Inc, This system consists of an argon-ion
or krypton-ion pump laser and frequency shifting crystal which produce
tunable light in the 2.1 to 3.3 micron region of the spectrum. Several
transitions of interest in the v = 3-2, v = 4-3 and v = 5-4 bands would
be accessible using this device. However, because the combined cost of
the ion pump laser and frequency shifting crystal was high, this system
was not tried due to lack of funds.

There were no further substitute sources available which would os-
cillate in the required region of the spectrum. Hence, gain was not
measured for bands above v = 2-1,

The data taking procedure for the SSG runs was identical to that of
the TRS study. This procedure was described in Section 2.3.1. For the
SSG runs, it was necessary to synchronize the firing of the flashlamps
with the presence of the probe laser beam in the laser cavity. This was
accomplished by gating the lamp signal to the probe laser signal via a
HP 214A pulse generator, The lamps would fire only when they simul-
taneously received a ready signal from.the probe laser and the operator,

A1l small signal data-was taken in the form of oscilloscope trace
pictures. A sample is shown in Figure 2,12b., For each run, both the
sfgnal intensity and reference intensity traces were digitized at ap-
proximately twenty discrete points., The resul.s of digitization were

used to calculate the small signal gain at each point., The gain points
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were plotted and a smooth curve was drawn through the result, Gains for
all transitions measured in each band were then graphed on a single
figure.

There are two main sources of uncertainity in the gain measurements.
One of these is associated with the uncertainty in the frequency of the
probe laser, This uncertainty arises from the possibility of the probe
laser "mode-hopping"; shifting from one cavity longitudinal mode to a
cavity longitudinal adjacent mode. This would cause a shift in probe
laser frequency. Since medium gain is highly frequency dependent,
through the lineshape profile term, this could lead to measurement of
a significantly different gain. Mode hopping should not have been
caused by thermal effects as the cavity was constructed of material
(INVAR) with an extremely low thermal expansion coefficient. However,
it could have been caused by vibrations from the probe laser vacuum
pump, If these vibrations were transmitted to the probe laser resonator
optical elements, mode hopping could occur.

A second cause of uncertainty would be due to lack of measurement
precision when reducing data. Measurement precision is limited by the
ability to resolve oscilloscope traces from the data photographs. For
this work, the minimum resolvable intensity quotient was approximately
1.04. This, coupled with a gain measurément length of 53 c¢m, yielded
an uncertainty of 0.00074 per cm,

Using the data collection and reduction techniques discussed re-
sulted in shot-to-shot repeatability of approximately 15%. Day-to-day
repeatablilty was nearly 25%. It is expected that probe laser mode

hopping affects gain magnitudes by less than 25%. See Appendix D.

TR e e -
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Much of the day-to-day variation can bhe attributed to a lack of
repeatability in cavity mixture and pressure conditions and to a varia-
tion in capacitor charging voltage. The major effect would be to vary
initiation strength by varying FZ concentration and by varying F/F2 due
to initiation. As will be seen in the following sections, varying F2
L concentration can alter the gain behavior significantly,

One possible source of error that was eliminated was saturation of
the medium by the probe signal. Saturation was shown to be unimportant
by the faollowing experiment., Two sets of gain measurements were made at
102 torr. The probe laser intensity was varied by a factor of ten be-
tween the two cases. In both instances, the SSG time histories were in
good agreement, Since the 5SG time histories were independent of probe
intensity, the transitions under investigation should not be saturated,
In addition, since the 102 torr case should saturate easier than the

331 torr case, saturation should not be important in either case.

{ 2.4,2 Results of Small Signal Gain Studies
for the Mixture
He:OZ:FZ:H2 = 20.8:1.0:4.6:1.2

For this case, gain was measured at 102 torr only, There are
several points of interest.

First, gain initiatiop time increases with increasing rotational
level. In addition, time to peak gain and gain termination time also
increase with increasing rotational level. Gain duration increases

with increasing rotational level while peak gain magnitude decreases

with increasing rotational level.
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Figure 2.22 Small signal gain time history:
He:OZ:FZ:H2 = 20.8:1.0:4,6:1.2,
a) v=1-0 band, 102 torr

b) ve=2-1 band, 102 torr
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Prereaction of the initial cavity mixture is opserved.

Evidence is seen in the initial gains for the v = 1-0 band being riega-
tive at time zero. This implies more population in v = 0 than inv = 1,
Since the rate of pumping into v = Ois believed to be negligible [85],
this must be population deposited into levels by pumping and subsequent-
1y relaxing to v = 0, This must be occuring before initiation and
hence, is prereaction.

Analysis of the trends observed implies strong rotational relaxation
of the nascent pumping distribution., This is evident from the behavior
of the v = 1-0 band transitions. This sequential transition history is
probably caused by a near Boltzmann distribution of rotaticnal levels in
a system whose temperature is monotonically increasing. This behavior
is analogous to the rigid sequencing of transitions in a given band
for rotational equilibrium based computer simulations [70]. This trend

is not as pronounced for the v = 2-1 band.

Conclusions drawn from this section are: Prereaction exists, even
with the addition of large amounts of O2 as an inhibitor, The R-R,T

mechanism is important for both levels, possibly rapid enough

to make nonlasing mixtures appear rotationally equilibrated in the

v = 1-0 band.

2.4,.3 Results of Small Signal Gain Studies
for the Mixture

He:0 = 22.0:1,0:2,7:1.0

2:F2:H2
For this case, gain was measured at pressures of 102 torr and 331

torr,

For tne 102 torr case, there exists a general increase
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in gain initiation time with increasing rotational level, Tmis is
not observed for the 331 torr case. There is an increase in peak
gain time with increasing rotational level and an increase in gain
termination time with an increase in rotationa{ level for the
102 torr pressure case. In addition, gain duration increases with
increasing rotational level for the 102 torr case, but not for
the 331 torr case,

Gain on the v = 1-0 band is negative at time zero for both cases.
As before, this implies initial absorption and nence prereaction of the
HZ’ FZ’ He, O2 mixture. The technique used in this work to measure small
signal gain is sensitive enough to detect HF concentrations above 0.5
mtorr, See Appendix B for details. Measurements of prereaction show a
concentration of 1,5 mtorr of HF per 0,5 torr of F2 initially in the
cavity. This is approximately 0.016 molar percent HF in the FZ supply
and is consistent with the F2 supply patch analysis presented in Section
2.2.1. Prereaction is more important at 331 torr than at 102 torr.

y Analysis of the trends for this case show strong rotational

noneguilibrium effects. Since it was the observed reqular

shifting of gain nitiation, peak and termination times that was given
as evidence of rotational thermalization, and hence, strong rotationail
relaxation, their absence implies 1 less important rotationai relaxation

mechanism for this case,
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For this case, it can be concluded that prereaction still exists
and that the R-R,T mechanism is less important than for this

pressure at the mixture He:OZ:FZ:H2 = 20.8:1.0:4.6:1.2.

2.4.4 Discussion
The effects of increasing thé percentage of F2 in the mixture and
the effect of increasing mixture pressure can be determined by comparing
*he results of the three cases presented. This will be done below., The
two 102 torr cases will be presented first to determine the effects of
an increase in the percentage of mixture FZ’ The two cases for
He:OZ:FZ:H2 = 22,0:1,0:2.7:1.,0 will be compared next to determine the
impact of increasing pressure.
Upon comparing the gains of the two.102 torr cases, several points
arise:
(1) Increasing the percentage of F2 in the mixture in-
creases the peak gain. As the percentage of F2
climbs from 10.1% to 16.7% the peak gain rises by
about a factor of 7, Thus, in this range, peak
gain appears to be very sensitive to the percentage
of Fz in the mixture. Note that this is not due to
a concurrent increase in F/leratio with the increase
in mixture F, percentage. As shown in Appendix A.2,
F/F2 ratio is independent of initial F2 concen-

tration for the conditions of this work,

(2) Increasing the percentage of F, in the mixture

decreases gain duration and decreases the time

i
o erlaprons w= 2 N




(3)
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to peak gain and the gain initiation time. Gain
duration is quite sensitive to

the percentage of F2 in the mixture in this

range. Increasing the percentage of F2 from 10.1%
to 16.7% decreases the pulse duration by a factor
of 7 for the v = 1-0 band and by a factor of 15
for the v = 2-1 band. Both of these observations
can be attributed to the increased rate of chemical
pumping which is due to the increased F2 concen-
tration. This effect has been documented by many
authors (cf. Reference 70). An increase in F2
concentration causes an increase in fluorine

atom production rate, as in quation (1.4). The
increase in F production rate causes a subse-
quent increase in the rates of Equation (1.2), and
hence, Equation (1.3), This accelerates the rate
of production of HF, speeds the formation of and
increases the magnitude of the population inver-
sions required for lasing, and hence, decreases
the gain initiation time, increases the peak gain,
and decreases the gain duration, The latter occurs
because the fuel and oxidizer are consumed at a
faster rate.

Perhaps the most interesting observation is the

effect of increasing the percentage of F2 in the
mixture on the shapes of the individual gain

pulses. For the case using the lower concentra-

s - T
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tion of initial mixture F2 (10,1%), the individual
pulse shapes appear erratic. Upon increasing the
initial mixture concentration of F2 to 16.7%, the
pulse shapes become more regular, approaching a
common, somewhat parabolic shape.

The observed patterns for increasing peak gain, decreasing gain
duration, decreasing gain initiation time and decreasing time to peak
gain with increasing rotational level are more evident as the
percentage of F2 in the mixture increases.

It is possible that this phenomenon is due to the larger temperature
rise for the 16.7% mixture FZ' The larger percentage of mixture F2
would increase the chemical pumping, as mentioned above, which would in-
crease the enthalpy production, hence 1n§reasing the temperature.

Directly related to the temperature rise is a shift in the relative
tmportance of the various relaxation mechanisms. Careful inspection of
the rate coefficients for the V-R,T and R-R,T channels shows a decrease
in the HF V-R,T self-relaxation rate with a temperature increase up to
1040 K and an increase in the HF R-R,T total relaxation rate with a
temperature increase up to 1370 K. These temperatures are considerably
higher than results of model calculations at these conditions. The
model predicts final pulse temperatures ranging from 360° K to 400° K. J

To a good approximation, the HF V-R,T self-relaxation rate is

equivalent to the V-R,T total relaxation rate. This is due to: (1) The

rate constants for H, F, and HF V-R,T deactivation of HF all being of
the same order of magnitude and significantly higher than the rate co-

:f efficients due to Fys Hy and chaperone gases [85]. (2) Prereaction
r ) - ) “4.ﬂ;w____7,_____.“i
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causing the concentration of HF to be consistently two orders of magni-
tude higher than either the H or F concentrations. Thus, the HF self-
relaxation rate for V-R,T should dominate the total V-R,T rate and be a
good approximation to the total rate for purposes of comparison.

It is clear from these arguments that the relaxation contribution
of R-R,T is increasing relative to the contribution due to V-R,T. This
is consistent with the increase in the strength of trends in gain
initiation, peak and termination times with an increase in F2 concentra-
tion. This increase in R-R,T contribution to relaxation leads to the
nearly thermalized distribution which leads in turn to the rigid
J-shifting behavior of the gain.

Since R-R,T relaxation decreases with J, this leads to an increased

gain duration with an increase in rotational level. It is

assumed that R-R,T relaxation scales as exp-(4E/RT) with AE being the ro-
tational level energy gap. The value of AE increases with increasing
rotational level decreasing the relaxation rate. This decreases the
total relaxation rate with increasing rotational level and leads to an
increase in gain duration.
Upon comparing SSG for the two cases with composition He:OZ:FZ:
H2 = 22,0:1.0:2,7:1.0, the following arise:
(1) Gain duration on each transition decreases with
an increase in mjxture pressure.
(2) Peak gain on each transition increases with an
increase in mixture pressure,
These observations are consistent with our understanding. The in-

crease in pressure leads to increases in the pumping rate and the rates

of relaxation. These increased rates cause a quicker consumption of fuel

— e
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and oxidizer and also a sharper termination rate, The combination of

the two reduces gain duration. Since all dominant chemical and relaxa-
| tion kinetic reactions are binary, this is simply binary scaling. This

decrease in gain duration is probably due to binary scaling.
r The peak gain increase with pressure is probably another manifesta-
tion of binary scaling: As pressure increases, the rate of chemical
pumping increases as the pressure squared. This would cause formation
of larger population inversions due to an increase in total population
(even if copulation ratios remain constant). These larger inversions

would lead to larger gains.
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2.5 Results of Total Pulse
Energy Studies

The experimental configuration utilized for the total pulse eneragy
(TPE) measurements is described in Section 2.2.2 and displayed in Figure
2.11, Total pulse energy measurements were made only for the 331 torr
case with mixture composition He:Oé:Fz:H2 = 20.8:1.0:4.6:1,2, For these
conditions, 175 mJ of laser energy was measured. This can be converted
to an energy density by dividing by the resonator mode volume and by the
mixture pressure in atmospheres. The resonator mode volume can be
approximated as the volume of a truncated right circular cone whose
radius is equal to the distance at which the beam intensity is 1% of its
centerline value., This is a radius equivalent to five times the inten-
sity 1/e point radius. The.latter can be determined using formulae
found in Gross and Bott [1]. For the case considered here, flat output
coupler and 5 m radius of curvature mirror with an active medium length

of 53 cm, the mode volume is 75 cm3

. This gives a value of 5.4 J/1-atm
as the measured energy density.

The value reported here lies betwéen the reported values of 80 J/1-
atm of Chen, et al [41] and 2.9 J/1 atm of Hess [11]. This is to be
expected as energy density increases with the fraction of mixture H2 and
FZ' Hess [11] reports results for a véry dilute mixture of He:FZ:
H2 = 40:1:1 while Chen, et.al [41] show results for a mixture of
He:FZ:H2 = 8:1:1. The mixture used here 1ies between the two, and

closer to that of Hess [11]: (He + 02):F2:H2 = 18.2:3.7:1.0. This is

as expected,




CHAPTER 3
COMPUTER SIMULATION OF AN HF LASER AND
COMPARISION WITH EXPERIMENT

3.1. Introduction

The computer model used to simulate the HF laser is described in de-
} tail in References 23 and 68. A brief description is given in Appendix
A. This model will be referred to as the VR model.

The VR model was modified initially from that of References 23 and
68 by including wavelength dependence of the output mirror reflectivity
and by modifying the flash photolysis temporal profile. The wavelength
dependence of the output mirror reflectivity caused a wavelength depen-
dent variation of the threshold gain. The flash photolysis temporal
profile was changed from a sinusoidal distribution to one resembling
the measured flashlamp intensity time history. See Figure 2.16 and
Appendix A, Figure A.1, for further details.

In addition to the modifications stated in the preceding paragraph,
an update of the model kinetic rate package was performed. The most
| significant changes from that of Reference 23 were: (1) Removal of the

multiquanta V-R,T energy transfer channels for HF self-deactivation.

i This was recommended by the work of Jursich and Crim [24] and Foster and

Crim [25]. The remaining single quantum V-R,T energy transfer rates for

, HF self-deactivation were determined by using the HF V-V self-relaxation

rates of Wilkins (96] and the total HF V-V,R,T self-relaxation rate of

81
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Foster and Crim {25]. This reflects previously accepted kinetics where
V-V deactivation was asssumed to be a separate mechanism, independent of
V-V,R,T. In addition to this, (2) revised hot and cold pumping rates
were used reflecting the work of Heidner, et al [26] and Wurzberg and
Houston [27]. Some additional minor changes were made including: (3)
slightly different rates for recombination of F and H atoms and, (4)

new rates for V-V transfer between Hzand HF [75]. The remainder of the
rate coefficients are those of Cohen[95], excluding the endothermic cold
pumping back reactions which are those of Bartoszek, et al [97]. A
table of the rate coefficients used is given in Appendix C, Table C.1.
This is the basic rate package and excursions were made from it.

Model runs were attempted using the VR model modified as stated
above. [t was discovered that in order for a run to integrate to com-
pletion, an inordinately small step size had to be chosen. This step
size would have caused excessive CPU time usage had the case been run to
completion. * modification was performed in an attempt to solve this
problem,

The most likely cause of the stepsize problem was "stiffness" in
the system of differential equations, due in this case to the choice
of input conditions necessary to simulate the experiments (98], More-
over, the model appeared to be spending'excessive time calling and
using the derivative computation subroutines. For this reason, an ap-
proximation was inserted to allow the derivative computation subroutines
to be called only 10% as often. [t was hoped that this would speed up
execution, reducing the amount of CPU time required for a complete run.

The result was that the model refused to integrate, j;
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At this point, a simplified version of the VR model, denoted the
VT model, was run in an attempt to simulate the experiments, The VT
model is similar to the VR model except it neglects the V-R portion of
the V-R,T energy transfer mechanism approximating it as a completely V-T
mechanism, The V-T model also approximates all rotational relaxation as
R-T relaxation, instead of R-R,T [99]. The rates used in the VT model
are also given in Appendix C, TableC.2.

Two final modifications were implemented on the VR model, First,
the subroutine computing the population derivatives due to V-R,T energy
transfer was rewritten to take advantage of the removal of the multi-

quanta V-R,T mechanism. This had no noticeable effect on the required

CPU time. Second, the number of rotational levels considered per vibra-

tional band was reduced from 30 to 20. This was justified by the prior
removal of the multiquanta V-R,T relaxation mechanism since this me-
chanism is the only one that populates rotational levels above

J = 20, The model with no multiquanta V-R,T deactivation and only twenty
rotational levels was denoted VR20J. The inclusion of these last two
modifications reduced CPU time necessary for a complete run by about a
factor of two. Hence, in this study, two separate models were used,

denoted as the VT and the VR20J models.

ke,

In all computer modeling studies,'it is necessary to determine the

1
model input conditions. For this work, that was done in the following ?
manner, ]

An area of uncertainty in most modeling studies is an uncertainty

in the rate of fluorine atom production due to photolysis. Several
researchers have undertaken studies to determine the efficiency of

' : various photolysis sources [100] and the importance of various lamp
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characteristics in photolyzing molecular fluorine [36]. Various types
of sources have been compared in detail by Berry [101]). All have reached
the conclusion that it is important to be able to quantify the fluorine
atom production rate, Unfortunately, there appears to be no accurate,
nonintrusive experimental technique available to determine fluorine atom
concentrations, Furthermore, the techniques used to infer fluorine atom
production rates, from fluorine molecule disappearance rates, are inac-
curate. Thus, there is no viable experimental method to determine this
important laser characteristic.

In this work, the fluorine atom production rate due to photolysis
was estimated using the VT computer model with the original rate package
in the following way. The parameters n, and 1a in Equation (A.26) were
varied, systematically changing the rate of {iuorine atom production.

Values of n, and Ia were chosen which provided best fit agreement between

model predictions of SSG and TRS and those recorded experimentally.
This method is in contrast to other workers who have employed a variety
of techniques to measure fluprine atom production rates.

Perhaps the most common experimental method is actinometric mea-
surements on FZ' Greiner [102] has used thermal actinometry and Suchard
and Sutton {103] have used laser actinometry to attempt to measure the
rate of disappearance of FZ’ These techniques suffer 1in accuracy be-
cause of the small amount of F produced, less than 0.5%. One is thus
attempting to determine a sﬁall nuicber by differencing two large numbers,
i where errors in the large numbers are comparable to the result desired.

The laser actinometry technqiue also suffers becauselthe F2 absorption

coefficient is strongly temperature dependent. Under normal laser

|
[}
¢
§
[}
|
)




85

conditions, this temperature dependence will have a stronger effect on
the absorption signal than the disappearance of 0.5% of F2 (104].

Other workers have attempted to use multidimensional radiative
transfer computer codes [76,100] to estimate the fluorine atom produc-
tion rate. Adjustable parameters in these codes are based on experi-
mental measurements similar to those of [103] and hence experience the
same problems.

It is because of the uncertainties and ir ent errors in the above
methods that the fluorine atom production rat s estimated in the
manner stated herein,

The model required several input paramete.., in addition to know-
ledge of the F/F2 ratio produced through photolysis. A description of
how these were determined 3s presented below,

The gas inlet composition was determined from measurements of the
cavity partial pressures of each of the constitﬁents prior to a run,
This gave pressures for He, H2, F2 and 02. The value for SF6 was de-
termined from a knowledge of the F2 supply batch analysis, provided by
the gas supply company (Matheson), and the cavity initial F2 pressure,
For example, the inlet F2 pressure for the 36 torr case of composition
He:OZ:FZ:H2 = 20,8:1,0:4.6:1.2 was measured to be 6.0 torr, From the
batch analysis, presented in Section 2;2.1, the SF6 qoncentration is
0.001 molar percent yielding 0.00006 torr SFG’ initially. The initial
concentrations of air, CF4 and CO2 were determined in the same manner.
These constituents were assumed to be inert and were, hence, added to

the initial He pressure. This was necessary as the model does not

include kinetics for the species CF4. Co2 and air, In addition, the
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partial pressure of O2 was also added to the He pressure, Again, as for

CF C02 and air, there are no kinetics for O2 in the model so it was

4°
accounted for by treating it as an inert species.

The cavity active medium length was determined to be the length of
active medium illuminated by the flashlamps. This was the lamp length
(56 cm) minus the length blocked by the aluminum brackets securing the
quartz windows to the cavity (3 cm). See Figure 2.2. The result was
an active medium length of 53 cm.

The mirror spacing was measured to be 121 cm, and the initial
mixture temperature was assumed to be 300° K.

The output coupler reflectivity was measured at the AFWL metrology
lab, It was nominally 81%. A curve of reflectivity vs wavelength is
presented in Figure A.3

The copper mirror reflectivity was stated by the manufacturer to be
99%. This value was multiplied by .he measured Brewster window trans-
mission values of 99% each, yielding an effective mirror reflectivity
of 95%. The effective reflectivity was used as an input to the model.

The results of the measurements of flashlamp emission properties
were used to determine the flash photolysis temporal profile. This
procedure is described in detail in Appendix A, The resulting fit to
the flashlamp intensity time history was used as a model input,

After having determined the input parameters, the VT model was run
for the conditions He:OZ:FZ-:H2 = 20.8:1.0:4,6:1,2 at 3§ torr, 102 torr,

and 331 torr simulating the three TRS cases presented. The results

of this set of model runs is presented in Figure 3.1,
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The model rate package was then modified by changing the vibrational
pumping distribution suggested by Cohen [95] to an updated distribution,
also suggested by Cohen [105]. See Table C.2, Appendix C.

The ariginal hot reaction vibrational pumping distribution [95] increased

monotonically from v=3 to v=6. Pumping to al) other vibrational levels

was assumed to be zero. The updated vibrational pumping distribution [105]

also increased monotonically formv = 3 to v = 6. In the updated case
though, the pumping distribution was assumed to be monotonically de-
creasing from its peak at v = 6 to v = 8, Pumping was again assumed to
be zero for all other levels. Cohen [105]also suggested leaving the
total pumping rate summed over all vibrational levels unchanged from

Reference 85. The model was again run at 36 torr, 102 torr and 331

torr for the mixture composition He:OZ:FZ:H2 = 20.8:1.0:4.6:1.2. The

results of this set of model runs are presented in Figure 3.2 and
compared with experiment.

The model rate package was modified one final time. Here, the
vibrational deactivation mechanism was changed to reflect the current
belief that the total vibrational deactivation rate is a sum of the
V-R,T rate and the V-V rate. The V-R,T rate was then determined by
subtracting the V-V contribution, reported by Wilkins [96], from the
total vibrational deactivation rate of Foster and Crim [25]. This,

in effect, reduced the V-R,T rate from 1.1 x 10]0 e1030/RT To'5 to

1030/RT T0.5 y

3.3 x 109 e For this rate package, the model was run

only at 102 torr. The results are presented in Figure 3.3

The rate package mentioned directly above was then used with model
VR20J to simulate the 102 torr case for mixture composition He:OZ:FZ:
H2 = 20.8:1.0:4.6:1.2. The results are presented in Figure 3.3
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A1l model results will be discussed in the following two sections,

3.2 Cumputer Modeling Results of
Time Resolved Spectroscopy and Comparison with Experiment

] 3.2.1 Introduction

The results of the VT model TRS computer simulations using the
initial rate package are presented in Figure 3.1 in Section 3.2.2.
The results of the VT model TRS computer simulations using the
modified vibrational pumping distribution are presented in Figure
3.2 in Section 3.2.3. The results of the VT model TRS computer
simulations using the modified vibrational pumping distribution
and the modified V-T deactivation rates are presented in Figure
3.3 in Section 3.2.4. The results of the VR20J model TRS computer
simulations using the modified pumping distribution and the

modified vibrational deactivation rates are also presented in

Figure 3.3 and are discussed in Section 3.2.5.

A1l results are plotted identically to those of Sections 2.3.2 and
2.3.3. Experimental results are repeated with the presentation of
model results to facilitate comparison. They will be discussed

individually below.

3.2.2 Comparison of VI Modeling Results of Time Resolved

i Spectroscopy with Experiment: Initial Rate Package

A comparison of the model predictions for this composition with

experiment (see Figure 3.1) shows good agreement for transitions

pumped strongly by the cold pumping reaction, Equatfon (1.2) and only

% fair agreement for transitions pumped by the hot pumping reaction,
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Figure 3.1 Time resolved spectral output: comparison of
VT model results and experiment using rate
package VT (standard rates)

(a) experimental results, 36 torr

(b) experimental results, 102 torr

(c) experimental results, 331 torr

d) model results, 36 torr

e) model results, 102 torr !
(f) model results, 331 torr
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Equation (1.3).

[t is apparent that the model results agree well with the general
trends observed experimentally regarding pulse initiation, termination
and peak intensity times, peak intensities and pulse durations. Further-
more, agreement between model and experimental magnitudes is generally
good for the v = 1-0 band and very good for the v = 2-1 band. For these
two bands, the model underpredicts pulse durations, giving in-
tiatfon times which are late and termination times which are early. The
area of least agreement for the v = 1-0 band is in the behavior of P](S).

Experimentally, P](S) is a short duration transition with weak in-
tensity. It does noi obey the pulse initiation time, pulse duration or
peak intensity trends. In Section 2.3.2, it was stated that this be-
havior was due to water vapor absorption of the P](S) signal, The model
results support this contention.
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